Nitric oxide (NO; a product of nitrite reduction or the NO synthases NOS1, NOS2, and NOS3; [@bib20]), is a pleiotropic regulator of neurotransmission, inflammation, and autoimmunity ([@bib20]; [@bib6], [@bib7]; [@bib45]) implicated both in cancer progression and its immune-mediated elimination ([@bib20]; [@bib18]; [@bib40]; [@bib55]). In different mouse models, NO has been paradoxically shown to both promote inflammation ([@bib24]; [@bib10]; [@bib59]; [@bib81]; [@bib38]) and to suppress autoimmune tissue damage through nonselective suppression of immune cell activation ([@bib7]; [@bib8]), especially at high concentrations ([@bib52]; [@bib76]; [@bib67]). Although previous studies demonstrated a positive impact of NO on the induction of Th1 cells ([@bib66]) and forkhead box P3--positive (FoxP3^+^) regulatory T (T reg) cells ([@bib25]) in murine models, the regulation and function of the NO synthase (NOS)--NO system have shown profound differences between mice and humans ([@bib73], [@bib72]; [@bib23]), complicating the translation of these findings from mouse models to human disease.

In cancer, NOS2-derived NO plays both cytotoxic and immunoregulatory functions ([@bib7]). It can exert distinct effects on different subsets of tumor-infiltrating T cells (TILs), capable of blocking the development of cytotoxic T lymphocytes (CTLs; [@bib13]), suppressing Th1 and Th2 cytokine production, and modulating the development of FoxP3^+^ T reg cells ([@bib11]; [@bib51]). NOS2-driven NO production is a prominent feature of cancer-associated myeloid-derived suppressor cells (MDSCs; [@bib58]; [@bib47]; [@bib79]; [@bib12]), which in the human system are characterized by a CD11b^+^CD33^+^HLA-DR^low/neg^ phenotype consisting of CD14^+^ monocytic ([@bib74]; [@bib26]; [@bib37]; [@bib69]) and CD15^+^ granulocytic ([@bib85]; [@bib53]; [@bib71]) subsets ([@bib22]; [@bib64]).

Production of NO in chronic inflammation is supported by IFN-γ and IL-17 ([@bib58]; [@bib60]), the cytokines produced by human Th17 cells ([@bib78]; [@bib1],[@bib2]; [@bib77]; [@bib83]). Human Th17 cells secrete varying levels of IFN-γ ([@bib1]; [@bib2]; [@bib46]; [@bib61]; [@bib77]; [@bib83]) and have been implicated both in tumor surveillance and tumor progression ([@bib61]; [@bib46]; [@bib56]). Induction of Th17 cells typically involves IL-1β, IL-6, and IL-23 ([@bib4]; [@bib1],[@bib2]; [@bib41]; [@bib77]; [@bib78]; [@bib83]; [@bib86]), with the additional involvement of TGF-β in most mouse models ([@bib4]; [@bib54]; [@bib78]; [@bib86]; [@bib30]), but not in the human system ([@bib1]; [@bib83]). IL-1β~1~, IL-6, and IL-23 production by monocytes and DCs, and the resulting development of human Th17 cells, can be induced by bacterial products, such as LPS or peptidoglycan ([@bib1]; [@bib2]; [@bib77]). However, the mechanisms driving Th17 responses in noninfectious settings, such as autoimmunity or cancer, remain unclear.

Here, we report that the development of human Th17 cells from naive, effector, and memory CD4^+^ T cell precursors induced by the previously identified Th17-driving cytokines (IL-1β, IL-6, and IL-23) or by IL-1β/IL-6/IL-23-producing MDSCs, is promoted by exogenous NO (or NO produced by human MDSCs) and critically depends on the induction of endogenous NOS2 in differentiating CD4^+^ T cells.

RESULTS
=======

MDSC-associated NOS2 and MDSC-produced exogenous NO promote the Th17 phenotype in OvCa patient TILs and naive and memory CD4^+^ T cells
---------------------------------------------------------------------------------------------------------------------------------------

High frequencies of Th17 cells observed in ovarian cancer (OvCa; [@bib46]; [@bib61]) and our observations that the OvCa environment is a potent inducer of Th17 responses ([@bib61]), prompted us to test the role of cancer-associated MDSCs and MDSC-produced factors in the development of human Th17 cells.

As shown in [Fig. 1](#fig1){ref-type="fig"}, OvCa patient-isolated MDSCs, expressing the typical CD11b^+^CD33^+^HLA-DR^−/low^CD80^−^ phenotype ([@bib28]; [@bib64]; see [@bib69] for complete MDSC phenotype), selectively enhanced the expression of Rorc (encoding RORγt) and IL-17A ([Fig. 1 A](#fig1){ref-type="fig"}) and the production of IL-17A protein ([Fig. 1, B and C](#fig1){ref-type="fig"}) by CD4^+^ T cells, activated by anti-CD3/CD28 antibodies or allogeneic DCs ([Fig. 1 C](#fig1){ref-type="fig"}), showing no impact on the expression of the Th1 marker, T-bet, and an inhibitory impact on the T reg cell marker, FoxP3 ([Fig. 1 A](#fig1){ref-type="fig"}). Unexpectedly, although inhibition of other MDSC products, including IL-10, indoleamine 2,3-dioxygenase (IDO), and arginase, did not impact the induction of Th17 cells ([Fig. 1, D and E](#fig1){ref-type="fig"}), the inhibition of NOS, the key enzyme in the synthesis of the nominally suppressive MDSC product NO ([@bib39]; [@bib62]), dose-dependently inhibited the ability of MDSCs to enhance IL-17A production ([Fig. 1, D--F](#fig1){ref-type="fig"}) and Rorc expression ([Fig. 1 G](#fig1){ref-type="fig"}) in activated CD4^+^ T cells. In addition, the Th17-promoting effect of MDSCs was also reduced by the inhibition of cyclooxygenase 2 (COX2; [Fig. 1, D--F](#fig1){ref-type="fig"}), the factor needed for the optimal MDSC expression of NOS2 ([@bib69]).

![**Key role of NOS2 and the canonical cGMP-mediated NO signaling pathway in the MDSC-promoted Th17 differentiation of TILs from OvCa patients and human naive and memory CD4^+^ Th cells.** (A) Induction of IL-17A, Rorc (encoding RORγt), FoxP3 (indicating de novo differentiation of FoxP3^+^ T reg cells from naive precursors), and T-bet gene expression in anti-CD3/CD28--expanded naive CD4^+^ T cells by tumor--isolated MDSCs (mean ± SD from six patients), as compared with control CD11b^+^ cells (mean ± SD from three healthy donors). (B) IL-17A production levels and percentages of IL-17A^+^ cells (mean ± SD from *n* donors), and representative intracellular staining (IL-17A vs. IFN-γ, right) in naive CD4^+^ T cells (*n* = 6 healthy donors) or OvCa-infiltrating CD4^+^ TILs (*n* = 3 patients) stimulated with anti-CD3/CD28 antibodies in the presence of cancer-isolated MDSCs or control CD11b^+^ cells. (C) IL-17A production by naive versus memory CD4^+^ T cells (mean ± SD from *n* = 4 healthy donors) stimulated with either anti-CD3/CD28 antibodies or TNF-matured allogeneic DCs in the presence of MDSCs or control CD11b^+^ cells. (D and E) Percentage of IL-17A^+^ or IFN-γ^+^ CD4^+^ T cells (D) and IL-17A secretion (E) in anti-CD3/CD28/MDSC--expanded naive CD4^+^ T cells (D) and CD4^+^ TILs (E) in the presence of specific inhibitors of NOS (L-NMMA), COX2 (celecoxib), IDO-, ARG-, or IL-10. The data (mean ± SD) from one representative experiment (performed in replicates: D, triplicate cultures; E, quadruplicate cultures). The results were confirmed in three independent experiments using different patients/healthy donors. (F) Representative staining of IL-17A^+^ or IFN-γ^+^ CD4^+^ T cells in co-cultures of anti-CD3/CD28--expanded CD4^+^ TILs and MDSCs in the presence of specific inhibitors of COX2 (celecoxib) and NOS (L-NMMA). The results were confirmed in three independent experiments using different patients. (G) Relative gene expression of IL-17A and Rorc, induced in anti-CD3/CD28--expanded naive CD4^+^ T cells cultured in the presence of MDSCs in the presence of a specific inhibitor of NOS (L-NMMA). The graphs present the mean ± SD from one representative experiment (triplicate cultures) of two (using different patients/healthy donors). (H) Relative gene expression of NOS2 and IL-17A in 7 d ex vivo anti-CD3/CD28--expanded cultures of OvCa ascites cells from 10 OvCa patients (*n* = 10; r^2^ = 0.7692; P \< 0.001). (I) IL-17A production in anti-CD3/CD28--expanded cultures of naive or memory CD4^+^ T cells in the presence of MDSCs, with or without specific inhibitors of NOS2 (1400W) or cGMP (ODQ). Data (mean ± SD) from one representative experiment (triplicate cultures). The results were confirmed in three independent experiments using different patients/healthy donors. ns, P \> 0.05; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20121277_Fig1){#fig1}

In accordance with the key role of MDSC-associated NOS2 in the induction of Th17 responses in cancer patients in vivo, we observed that the levels of NOS2 expression in the ascites cells from OvCa patients positively correlated with the ability of these cells to produce IL-17A after short-term ex vivo stimulation ([Fig. 1 H](#fig1){ref-type="fig"}). Moreover, we observed that the Th17-promoting effects of MDSCs could be prevented both by the selective inhibition of NOS2 activity as well as the inhibition of cyclic guanosine monophosphate function (cGMP; [Fig. 1 I](#fig1){ref-type="fig"}), further demonstrating that human Th17 responses critically depend on NOS2 and the canonical cGMP-- cGMP-dependent protein kinase (cGK)--mediated signaling pathway associated with the physiological NO concentrations produced by human cancer-isolated MDSCs ([Fig. 2 A](#fig2){ref-type="fig"}).

![**Exogenous NO supports the cytokine-driven induction of Th17 function in memory Th cells and promotes the de novo induction of Th17 cells from naive precursors.** (A) NO~2~^−^ levels (mean ± SD from four patients) in co-cultures of CD4^+^ TILs with tumor-isolated MDSCs (as compared with blood CD11b^+^ cells) and in the presence of NOS inhibitors ADMA and [l]{.smallcaps}-NMMA. (B) Expression of IL-1β, IL-6, TGF-β~1~ (spontaneous expression, left), and IL-23 (stimulation with CD40L, right) in MDSCs. Data (mean ± SD) from three experiments involving MDSCs from three different patients. (C) Induction of IL-17A or IFN-γ production by anti-CD3/CD28--stimulated bulk CD4^+^ T cells from healthy donors, cultured in the absence or presence of Th1 (200 U/ml rhIL-12, 200 ng/ml αIL-4-Ab), Th17 (20 ng/ml rhIL-1β, 50 ng/ml rhIL-6, 10 ng/ml rhIL-23), and T reg cell (5 ng/ml TGF-β~1~, 10 nM 9-cis retinoic acid) -driving cytokines, and physiological concentrations of exogenous NO donor (DETA-NONOate). IL-17A was undetectable in Th1- and T reg cell--driving conditions. Percentage of FoxP3^+^ cells in control cultures were as follows: (−), 10.4%; Th1, 12.7%; Th17, 5.2%; and T reg cell, 41.2%. The graphs present the mean ± SD from one representative experiment (triplicate cultures) of two (healthy donors). (D) Suppression of CD4^+^ T cells differentiating in Th1-, T~reg~-, and Th17-driving conditions by high concentrations (\>100 µM) of DETA-NONOate. Proliferation of CFSE-labeled anti-CD3/CD28--stimulated bulk CD4^+^ T cells cultured in the absence or presence of Th1, Th17, and T reg cell--driving cytokines and supplemented with increasing concentrations of DETA-NONOate. The graph presents the mean ± SD from one representative experiment (triplicate cultures) of two (different healthy donors). (E and F) Relative gene expression of IL-17A (log scale) and Rorc (log scale), and secretion of IL-17A by naive (E) or naive and memory (F) CD4^+^ T cells, expanded with anti-CD3/CD28 antibodies in the absence or presence of Th17-driving cytokines and NO donor (DETA-NONOate). The graphs present the mean ± SD from one representative experiment (E, triplicate cultures; F, quadruplicate cultures). The results were confirmed in three independent experiments using cells of different healthy donors. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20121277_Fig2){#fig2}

Although MDSCs produced all the previously identified Th17-driving cytokines ([Fig. 2 B](#fig2){ref-type="fig"}), either spontaneously (IL-1β, IL-6, and TGF-β~1~) or after their stimulation (IL-23) with CD40L (the CD4^+^ T cell--expressed APC-activating factor \[[@bib49]\], similar data were obtained with CD40L-expressing J558 cells or CD4^+^ T cells; not depicted), the advantage of MDSCs in driving the Th17 phenotype was particularly pronounced in the case of naive, as compared with memory, Th cells ([Fig. 1 C](#fig1){ref-type="fig"}). Human naive Th cells, compared with their memory counterparts, were previously shown to be less sensitive to the induction of the Th17 phenotype by recombinant cytokines ([@bib77]), indicating that such an additional signal, which can be promoted by MDSCs, is essential for the de novo induction of Th17 cells.

Whereas, consistent with previous studies ([@bib52]; [@bib67]), high doses of exogenous NO (\>100 µM; known to have cytostatic function; [@bib7]) nonselectively blocked CD4^+^ T cell differentiation ([Fig. 2 C](#fig2){ref-type="fig"}) and their proliferation ([Fig. 2 D](#fig2){ref-type="fig"}) in all conditions tested (Th17-, Th1-, or T reg cell--driving conditions), the application of lower, standard cell-signaling doses ([@bib45]; [@bib43]) of NO donor (10--25 µM; comparable to the MDSC-produced NO levels; [Fig. 2 A](#fig2){ref-type="fig"}) did not affect CD4^+^ T cell proliferation. Instead, these lower doses of NO selectively enhanced IL-17A production ([Fig. 2 C](#fig2){ref-type="fig"} and not depicted) without affecting IFN-γ production ([Fig. 2 C](#fig2){ref-type="fig"}), further confirming the ability of physiological NO concentrations to selectively support human Th17 development.

Exogenous NO strongly enhanced the induction of Th17 cells driven by recombinant cytokines ([Fig. 2, C, E, and F](#fig2){ref-type="fig"}), indicating its direct impact on T cells rather than its modulation of MDSC functions. NO induced IL-17A expression ([Fig. 2 E](#fig2){ref-type="fig"}) and secretion ([Fig. 2 F](#fig2){ref-type="fig"}) by both naive and memory CD4^+^ T cells and enhanced their expression of Rorc (but not GATA3, FoxP3, or T-bet; [Fig. 2 E](#fig2){ref-type="fig"} and not depicted). The distinct Th17-promoting effect of exogenous NO was evident even in the absence of Th17-driving cytokines (IL-1β, IL-6, and IL-23; [Fig. 2, C, E, and F](#fig2){ref-type="fig"}), indicating that NO is a direct inducer of Th17 differentiation rather than a mere enhancer of the effects of Th17-inducing cytokines.

Cytokine- or MDSC-driven Th17 differentiation depends on the induction of endogenous NOS2 in naive CD4^+^ T cells and elevation of endogenous NOS2 in memory CD4^+^ T cells
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Unexpectedly, we observed that Th17-driving cytokines, as well as exogenous NO, all induce the expression of endogenous NOS2 in the expanding population of naive CD4^+^ T cells (\>99% pure at the day of analysis) and further enhance its expression in memory Th cells ([Fig. 3, A--C](#fig3){ref-type="fig"}). A similar induction of endogenous NOS2 was also observed in blood-isolated naive and memory CD4^+^ T cells and tumor-isolated TILs differentiated in the presence of cancer-isolated MDSCs (not depicted).

![**Endogenous T cell--expressed NOS2 and T cell-produced NO are required for de novo Th17 differentiation from naive precursors and induction of the Th17 phenotype in memory cells.** (A) Comparative induction of NOS2 (left) and IL-17A (right) gene expression in naive and memory CD4^+^ T cells (mean ± SD from three healthy donors) stimulated with anti-CD3/CD28 antibodies in the absence or presence of Th17-driving cytokines. (B) Dose-dependent induction of NOS2 gene expression in naive CD4^+^ T cells stimulated with anti-CD3/CD28 antibodies in the presence of increasing concentrations of NO donor (DETA-NONOate) and Th17-driving cytokines. The graph presents the mean ± SD from one representative experiment (performed with triplicate cultures). The results were confirmed in three independent experiments using different healthy donors. (C) Dose-dependent induction of NOS2 gene expression in bulk CD4^+^ T cells, stimulated with anti-CD3/CD28 antibodies and Th17-driving cytokines (high: 20 ng/ml IL-1β, 50 ng/ml IL-6, 10 ng/ml IL-23; low: 25× dilution). The graph presents the mean ± SD from one representative experiment (triplicate cultures). The results were confirmed in three independent experiments using different healthy donors. (D) Induction of intracellular NOS2 protein (left and middle, representative data; right, mean ± SD from *n* = 3 healthy donors) in CD3^+^-gated bulk CD4^+^ T cells stimulated with anti-CD3/CD28 antibodies in the presence of Th17-driving cytokines and NO donor (DETA-NONOate). Bar, 10 µm. Data in the right panel is represented as the fold change of the mean fluorescence intensity (MFI) over the isotype control. (E) Induction of intracellular NO (DAF-FM staining; representative experiment, left; mean ± SD from *n* = 3 healthy donors, right) in CD3^+^-gated bulk CD4^+^ T cells stimulated with anti-CD3/CD28 antibodies in the presence of Th17-driving cytokines and NO donor (DETA-NONOate), or the presence of general NOS inhibitor (L-NMMA) or NOS2-specific inhibitor (1400W). Data in the right panel is expressed as the fold increase of DAF-FM MFI over CD4^+^ T cells cultured in the absence of Th17-driving cytokines and NO donor. When not otherwise indicated, statistically significant differences compared with the absence of NO inhibitors are shown. (F) IL-17A secretion by naive CD4^+^ T cells stimulated with Th17-driving cytokines in the presence of a general NOS inhibitor (L-NMMA) or NOS2-specific inhibitor (1400W). The graph presents the mean ± SD from one representative experiment (quadruplicate cultures). The results were confirmed in three independent experiments using different healthy donors. (G) Induction of NOS2 (left, mean ± SD from four healthy donors) gene expression correlated with the IL-17A production (right, mean ± SD from three healthy donors) in bulk CD4^+^ T cells by the individual Th17-inducing factors IL-1β, IL-6, IL-23, and/or TGF-β~1~. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20121277_Fig3){#fig3}

To eliminate the possibility that such enhanced NOS2 levels in expanding T cell cultures result from their contamination with rare non--T cells expressing very high levels of NOS2, we evaluated the presence of intracellular NOS2 protein in individual CD4^+^ T cells. As shown in [Fig. 3 D](#fig3){ref-type="fig"}, the addition of Th17-driving cytokines uniformly induced distinct elevation of NOS2 in the individual differentiating T cells, with further enhancement of intracellular NOS2 protein observed in the T cells that developed in the added presence of NO donor.

In accordance with the enzymatic activity of the CD4^+^ T cell-expressed NOS2, we observed intracellular accumulation of NO in the individual Th17-differentiated cells by flow cytometry ([Fig. 3 E](#fig3){ref-type="fig"}). The intracellular NO accumulation resulted from endogenous NOS2 activity, as it was completely blocked using two different small molecule inhibitors of NOS2 activity (pan-NOS-inhibitor and NOS2-selective inhibitor; [Fig. 3 E](#fig3){ref-type="fig"}). In line with the requirement for endogenous NOS2--NO-signaling in the effective induction of human Th17 cells, blockade of the endogenous NOS2 in CD4^+^ T cells differentiating in the presence of Th17-driving cytokines suppressed their ability to secrete IL-17A ([Fig. 3 F](#fig3){ref-type="fig"}).

The induction of NOS2 in CD4^+^ T cells was closely correlated with the activity of the individual Th17-driving factors (and their combinations) in inducing Th17 differentiation ([Fig. 3 G](#fig3){ref-type="fig"}). IL-1β, recently shown to be the critical component of the Th17-promoting cytokine cocktail ([@bib17]; [@bib34]), was sufficient to induce significant expression of NOS2 in CD4^+^ T cells, but its combination with the additional Th17-driving cytokines (IL-6 and IL-23) was needed for the optimal induction of NOS2 ([Fig. 3 G](#fig3){ref-type="fig"}). This effect was further amplified by exogenous NO ([Fig. 3, B, D and E](#fig3){ref-type="fig"}). In contrast to IL1β, IL-6, and IL-23, which together promoted the elevation of endogenous NOS2 in human CD4^+^ T cells (and associated IL-17A production), human TGF-β~1~ proved to be a suppressor of both IL-17A and NOS2 ([Fig. 3 G](#fig3){ref-type="fig"}). Unlike the potent induction of endogenous NOS2 in CD4^+^ T cells driven toward Th17 development, neither NOS1 (undetectable) nor NOS3 expression were induced during this process (not depicted).

Interestingly, the induced levels of endogenous NOS2 were much higher in human memory than in naive CD4^+^ T cells ([Fig. 3 A](#fig3){ref-type="fig"}), which is consistent with the observed differences in the effectiveness of IL-17 induction in these two populations ([@bib77]; [Fig. 1, C and I](#fig1){ref-type="fig"}, [Fig. 2 F](#fig2){ref-type="fig"}, and [Fig. 3 A](#fig3){ref-type="fig"}). However, very high differences in baseline NOS2 levels between human memory and naive CD4^+^ T cells (mean ± SD: naive, 0.00003 ± 0.00002 vs. memory, 0.0006 ± 0.0002; P = 0.0053) could not be seen in their murine counterparts, where both memory and naive CD4^+^ T cells expressed similarly high baseline levels of NOS2 (naïve, 0.0034 ± 0.001 vs. memory, 0.0032 ± 0.001; P = not significant), and were not significantly modulated in the presence of Th17-promoting cytokines (mouse naive, 0.0048 ± 0.001 vs. memory, 0.005 ± 0.001; P = not significant). These observations are consistent with the previously reported differences in the regulation of mouse and human immune system by NO ([@bib23]; [@bib72]; [@bib73]), different susceptibility of human and mouse naive CD4^+^ T cells to Th17-inducing factors ([@bib1]; [@bib2]; [@bib77]), and the recently reported lack of positive impact of exogenous NO on mouse CD4^+^ T cells at any concentrations of NO donor ([@bib67]; and out current mouse data \[not depicted\]) .

Persistent expression of endogenous NOS2 and persistent cGMP-signaling are required for the functional stability of Th17 cells: Reversal of established Th17 cells from cancer patients by NOS- and cGMP-inhibitors
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Interestingly, NOS2 blockade in CD4^+^ T cell cultures activated in the presence of Th17-driving cytokines revealed that endogenous NO is not only required for the induction of IL-17A and IL-17F expression, but also for the optimal expression of IL-23 receptor ([Fig. 4, A and B](#fig4){ref-type="fig"}), known to be essential for the maintenance of Th17 function ([@bib75]). Indeed, NO induced IL-23R expression on naive CD4^+^ T cells, which express significantly less IL-23R than memory CD4^+^ T cells ([Fig. 4 B](#fig4){ref-type="fig"}, left). In contrast to IL-23R, no impact of NO on IL-2R expression was observed ([Fig. 4 B](#fig4){ref-type="fig"}, right). Furthermore, NOS inhibition reduced IL-23R expression by memory CD4^+^ T cells ([Fig. 4 B](#fig4){ref-type="fig"}), suggesting the requirement for NO in the optimal delivery of IL-23--mediated signals, which may contribute to the persistence of the Th17 phenotype.

![**Endogenous NOS2 and persistent cGMP signaling are required for the NO-assisted de novo induction of Th17 cells and for the stability of human in vivo-developed Th17 cells from cancer patients.** (A) Relative gene expression of IL-17A, IL-17F, and IL-23R in bulk CD4^+^ T cells, expanded with anti-CD3/CD28 in the absence or presence of Th17-driving cytokines and general NOS inhibitor (L-NMMA). The graphs present the mean ± SD from a representative experiment (triplicate cultures) of two (using different patients/healthy donors), that both yielded similar results. (B) Regulation of (left) surface IL-23R expression on naive and memory CD4^+^ T cells (mean ± SD from four healthy donors) activated with anti-CD3/CD28 in the presence of NOS inhibitor (L-NMMA) or NO donor (DETA-NONOate). (right) Relative gene expression of IL-23R and IL-2R (right) in naive CD4^+^ T cells in the presence of increasing concentrations of NO donor and Th17-driving cytokines. Statistically significant differences compared with the absence of DETA-NONOate and Th17-driving cytokines are indicated. The graphs present the mean ± SD from a representative experiment (performed with triplicate cultures). The results were confirmed in three independent experiments using different healthy donors. (C) IL-17A production by naive CD4^+^ T cells stimulated with anti-CD3/CD28 antibodies in the absence or presence of cGMP inhibitor (ODQ, left) or supplemented with cGMP analogue (Br-cGMP, right) in the absence or presence of Th17-driving cytokines. The graphs present the mean ± SD from a representative experiment (triplicate cultures). The results were confirmed in three independent experiments using different healthy donors. (D) IL-17A (left) or IFN-γ (right) production by OvCa-isolated CD4^+^ TILs (mean ± SD from five patients), expanded with anti-CD3/CD28 antibodies and restimulated in the absence or presence of NOS inhibitor (L-NMMA) or cGMP inhibitor (ODQ) for 48 h (statistically significant differences compared with the absence of inhibitors are indicated). (E) IL-17A production by in vitro--generated Th17 cells (generated in 8 d cultures of CD4^+^ T cells stimulated with anti-CD3/CD28 in the presence of Th17-driving cytokines), pretreated or not for 48 h with NOS inhibitor (L-NMMA) or cGMP inhibitor (ODQ). The data are shown as mean ± SD from 4 healthy donors. Statistically significant differences compared with condition in the absence of inhibitors are indicated. ns, P \> 0.05; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20121277R_Fig4){#fig4}

NO has been shown to signal predominantly via the cGMP--cGK signaling cascade ([@bib27]), whereas high concentrations of NO involve additional NO-dependent modification of a wider spectrum of endogenous proteins and nonspecific cytotoxic effects ([@bib21]; [@bib76]). To define the pathway of NO signaling relevant to Th17 induction, and to identify new targets for therapeutic modulation of Th17 responses and Th17-dependent pathologies, we evaluated the role of cGMP--cGK signaling in these phenomena. Our data show that the cGMP-specific inhibitor ODQ blocks IL-17A production in naive CD4^+^ T cells activated in the presence of Th17-driving cytokines, whereas the addition of a membrane-permeable cGMP analogue alone can induce IL-17A production and further increase the production of IL-17A induced by Th17-driving cytokines ([Fig. 4 C](#fig4){ref-type="fig"}).

Both NO and the cGMP signaling cascade proved to be required for the stability of established Th17 cells that developed in cancer patients (OvCa TILs) in vivo or were generated from healthy donors in vitro, because inhibition of either NOS or cGMP selectively suppressed IL-17A but not IFN-γ production by these cells ([Fig. 4, D and E](#fig4){ref-type="fig"}). These data indicate that targeting of NO-activated cGMP--cGK signaling can be evaluated for therapeutic intervention in Th17-mediated disorders.

DISCUSSION
==========

Prompted by the correlation between the local expression of IL-17A and NOS2 observed in the tumor environment of patients with OvCa, we tested the role of the NOS2--NO--cGMP--cGK pathway in the development of Th17 cells from human naive, memory, and tumor-infiltrating CD4^+^ T cells. We observed that endogenous NOS2 activity and intracellular NO production induced in CD4^+^ T cells by previously identified Th17 inducers (IL-1β, IL-6, and IL-23) or by cancer-infiltrating MDSCs are critically required for the de novo induction of Th17 cells in vitro and for the stability of in vivo--arising Th17 cells from cancer patients. Although, in accordance with previous studies ([@bib45]; [@bib7]; [@bib52]; [@bib67]), high concentrations of exogenous NO nonselectively inhibited immune activation, including the proliferation and differentiation of Th17 cell precursors, the levels of NO produced by myeloid cells, and, endogenously, by CD4^+^ T cells supported the induction of Th17 responses and were essential for the functional stability of Th17 cells. These results help to explain the heterogeneous and often paradoxical effects of NO and Th17 cells in the regulation of inflammation, autoimmunity, and cancer ([@bib7]).

The current data and the previously reported importance of COX2 and prostaglandin E~2~ (PGE~2~) in the induction and stability of NOS2 production by MDSCs ([@bib69]) and the ability of NO to enhance COX2 activation ([@bib44]) indicate a close interplay between these two inflammatory systems, which may provide new insights to the mechanism of the COX2--PGE~2~-driven development of Th17 responses to different pathogens ([@bib16]; [@bib9]; [@bib31]) and potential new therapeutic targets.

Interestingly, although MDSCs suppress naive CD8^+^ T cell proliferation and acquisition of cytolytic functions ([@bib47]; [@bib28]; [@bib64]; [@bib69]), they do not impair naive CD40L-expressing CD4^+^ T cell proliferation, but instead promote the de novo induction of Th17 cells, an effect that may explain the paradoxic generation and presence of inflammatory Th17 cells in the immunosuppressive cancer-associated environment ([@bib18]; [@bib55]; [@bib46]; [@bib56]).

Th17 cells have been shown to have differential impact on cancer progression in different cancers and in different mouse models ([@bib87]; [@bib82]; [@bib32]; [@bib48]; [@bib19]). Their preferential ability to be attracted to tumor sites and subsequently promote local recruitment of other inflammatory cells or convert to Th1 cells can lead to the enhancement of local antitumor immunity in particularly advanced tumors ([@bib3]; [@bib63]; [@bib36]; [@bib46]; [@bib57]), which may explain the positive correlation of intratumoral Th17 numbers and local production of IL-17 with survival in OvCa patients ([@bib46]; [@bib82]). However, in several models, Th17 cells have also been shown to drive early tumorigenesis by promoting chronic inflammation, DNA damage, and tumor-associated angiogenesis, as well as by exhibiting potent suppressive activity ([@bib68]; [@bib50]; [@bib80]; [@bib84]; [@bib15]; [@bib33]). Further studies are needed to understand the regulation and functional relevance of these different Th17 activities in the tumor environment.

Our data also indicate that in analogy to the positive feedback loop between Th1 cells and IFN-γ--producing NK and CD8^+^ T cells ([@bib42]), Th17 cells not only promote NO-dependent effector mechanisms of immunity ([@bib60]), but also benefit from interaction with NO-producing cells (neutrophils, macrophages, and MDSCs), leading to the establishment of a positive feedback between such NO- and IL-17--producing effector and helper cells.

Our observations demonstrating that the stability of Th17 function requires endogenous NOS2 and that the induction of endogenous NOS2 in CD4^+^ T cells benefits from the synergy between the previously identified Th17-driving cytokines (IL-1β, IL-6, and IL-23; [Fig. 3 G](#fig3){ref-type="fig"}) help to explain the paradox that whereas the synergy between IL-1β and IL-6 (or other Stat3 inducers) is sufficient for the effective induction of Th17 cells ([@bib5]; [@bib34]), IL-23 signaling is an important component of the development of the Th17 phenotype and Th17 functions in most models ([@bib78]; [@bib4]; [@bib41]; [@bib1],[@bib2]; [@bib77]; [@bib83]; [@bib86]). Similar to previous studies ([@bib1]; [@bib83]), we observed that TGF-β~1~ suppresses the development of human Th17 cells ([Fig. 3 G](#fig3){ref-type="fig"}), an effect that is mirrored by the ability of TGF-β~1~ to suppress endogenous NOS2 in CD4^+^ T cells. These data suggest that the differences in the relative importance of TGF-β~1~ in the development of mouse Th17 cells in different models ([@bib4]; [@bib54]; [@bib78]; [@bib86]; [@bib30]) may need to be evaluated in the context of its impact on the production of endogenous (T cell--derived) and exogenous (produced by MDSCs and other myeloid or stromal cells) NO, which may potentially vary in different settings. Likewise, fundamental differences between mice and humans regarding NOS activity, NO production, and NO regulation ([@bib73]; [@bib23]; [@bib72]; this study) may explain different requirements for TGF-β~1~ in the development of Th17 cells in mice versus humans. Interestingly, mouse Th17 cells induced by TGF-β~1~ and IL-6 have been shown to suppress T cell effector functions, whereas mouse Th17 cells differentiated with IL-1β, IL-6, and IL-23 are not immunosuppressive ([@bib14]), highlighting the difficulties in cross-interpreting the results of mouse and human studies involving the interplay of Th17 cells and cancer.

Similarly, it remains to be seen if such TLR ligands as LPS or peptidoglycan, shown to be particularly effective in promoting the DC-mediated induction of human Th17 cells ([@bib1]; [@bib77]), are particularly effective in inducing DC production of NO or alternative activators of the cGMP/cGK-mediated signaling pathway. Whether potential differences in this regard may contribute to the different efficiency of induction of Th17 cells from naive versus memory and effector precursors ([@bib77]; this study) deserves further exploration.

Our data suggest that the previously observed differences in the ability of human memory and naive CD4^+^ T cells to develop into Th17 cells ([@bib77]; [Fig. 1 C](#fig1){ref-type="fig"} and [Fig. 2 F](#fig2){ref-type="fig"}) may, at least partially, result from much higher baseline levels of endogenous NOS2 in human memory CD4^+^ T cells, compared with naive CD4^+^ T cells ([Fig. 3 A](#fig3){ref-type="fig"}). Our preliminary data indicate that a similar difference does not exist in the mouse system, where both naive and memory cells express very high baseline levels of NOS2, and do not further elevate its levels during Th17 differentiation (unpublished data). These differences in the baseline levels of NOS2 between human and mouse cells and the requirement for inflammatory factors in the expression of NOS2 by human cells are consistent with the significant delay in the demonstration of the presence of NOS2 in human cells ([@bib35]; [@bib70]; [@bib29]) and its cloning ([@bib29]).

The current identification of NO, NOS/NOS2, and the cGMP--cGK-signaling pathway as critical requirements for the induction and stability of human Th17 cells, both arising in vivo in cancer-bearing patients and induction in vitro from naive and memory precursor cells from healthy donors, suggests several potential therapeutic strategies. These strategies include inhibition of NO production or signaling in Th17-dependent malignant tumors or in Th17-mediated inflammatory/autoimmune processes, or the activation of these pathways to boost desirable Th17 immunity in Th17-susceptible tumors or chronic infections, such as *M. tuberculosis.* Because Th17 cells have a high propensity to migrate to and accumulate in tumor lesions, the current demonstration that NOS2 blockade can revert Th17 cells into cells preferentially producing IFN-γ suggests that the sequential application of NO donors or NO-increasing factors in vivo (or ex vivo to prepare tumor-homing T cells for adoptive immunotherapy) followed by systemic NOS2 inhibition (to promote their transition from Th17 to Th1 cells) may result in particularly high therapeutic effectiveness, promoting T cell accumulation at tumor sites and their subsequent conversion to type-1 effector cells. The feasibility of such approaches is enhanced by the availability of large numbers of NO donors and inhibitors that have been evaluated for the treatment of autoimmune and inflammatory diseases, as well as for vasodilation in hypertensive coronary disease, erectile dysfunction, and pulmonary hypertension.

MATERIALS AND METHODS
=====================

### Media and reagents.

Cells were cultured in IMDM medium (Invitrogen) with 10% FCS (Gemini). DETA-NONOate was purchased from Cayman Chemical and used at the concentration of 25 µM, unless otherwise specified. General NOS inhibitors [l]{.smallcaps}-NMMA (Sigma-Aldrich) and ADMA (Sigma-Aldrich) and the NOS2-specific inhibitor 1400W (Sigma-Aldrich) were used at the concentrations of, respectively, 100 µM, 200 µM, and 200 nM, unless indicated otherwise. Arginase inhibitor nor-NOHA (Cayman Chemical) was used at 200 µM, IDO inhibitor 1-Methyl-D-tryptophan (Sigma-Aldrich) was used at 1 mM, neutralizing α-IL-10 mAb (R&D Systems; clone 25209) was used at 1.0 µg/ml, COX2 inhibitor celecoxib (Biovision) was used at 20 µM, c-GMP analogue Br-cGMP (Sigma-Aldrich) was used at 100 µM, and cGMP inhibitor ODQ was used at 10 µM. Th1, Th17, and T reg cell--driving cytokines were used at the following concentrations (unless stated otherwise): 20 ng/ml IL-1β (Miltenyi Biotec), 50 ng/ml IL-6 (Thermo Fisher Scientific), 10 ng/ml IL-23 (R&D Systems), 5 ng/ml TGF-β~1~ (R&D Systems), and 10 nM 9-cis retinoic acid (Sigma-Aldrich). CFSE (Invitrogen) labeling kit to monitor cell proliferation was used according to the manufacturer's protocol. CD3/CD28 stimulation was accomplished with anti-CD3/CD28 human or mouse T cell-activator Dynabeads (at 2 µl/ml; Invitrogen). Soluble (s)CD40L was used at 1 µg/ml in combination with 1 µg/ml of Enhancer for Ligands (Enzo Life Sciences). Nitrite formed by the spontaneous oxidation of NO under physiological conditions in cell culture supernatants was detected with the Griess reagent kit (Invitrogen) according to the manufacturer's protocol.

### Isolation of peripheral blood naive and memory human CD4^+^ T cells and mouse splenic CD4^+^ T cells.

Human PBMCs were isolated from buffy coats provided by the Central Blood Bank of Pittsburgh, PA. T cells were isolated from PBMCs by negative selection using the CD4^+^ T cell enrichment cocktail (STEMCELL Technologies) in combination with either anti-CD45RO or CD45RA depletion antibodies, resulting in a \>95% pure CD3^+^ population of uniform CD4^+^CD45RA^+/−^CD45RO^+/−^ cells. Allogeneic combinations of T cells and MDSCs were used to allow testing of the impact of tumor-derived MDSCs (or control blood-isolated CD11b^+^ cells) on the differentiation of healthy donor naive or memory blood-isolated T cells.

Mouse naive and memory CD4^+^ T cells were isolated from the spleens of C57BL/6 (B6) mice using naive and memory CD4^+^ T cell isolation kits (Miltenyi Biotec). 6--8-wk-old wild-type B6 mice were purchased from Taconic. Specific pathogen--free mice were used in all experiments and housed in pathogen-free conditions at Children's Hospital of Pittsburgh, Pennsylvania. All of the animal studies were conducted with the approval of the University of Pittsburgh Institutional Animal Care and Use Committee.

### Isolation of MDSCs and OvCa-infiltrating CD4^+^ T cells (TILs).

Human OvCa ascites cells were obtained intraoperatively from previously untreated patients with primarily advanced stage III or IV epithelial OvCa, after obtaining written informed consent. The nature and possible consequences of the studies were explained. All specimens were provided under protocols approved by the University of Pittsburgh or Roswell Park Cancer Institute Institutional Review Boards. Human OvCa ascites obtained from the University of Pittsburgh (IRB0406147) were used in the isolation of cancer-associated CD11b^+^ cells (MDSCs) and subsequent isolation of CD4^+^ TILs. The median age of patients was 56 yr of age (range 39--69 yr). 12 patients were Caucasian, and 1 patient was African-American. The majority of patients were FIGO Stage IIIC, one patient was Stage IIIA, and one patient was Stage IIA. Tumor histology was serous in 9 cases (69.2%), clear cell in 2 cases (15.4%), mucinous in 1 case (7.7%), and mixed histology in 1 case (7.7%). Human OvCa ascites obtained from the Roswell Park Cancer Institute (CIC02-15) were used in the isolation of bulk OvCa primary cells and their CD3/CD28-driven expansion for 7 d in culture. The median age of patients was 64 (range 50--85). Nine patients were Caucasian and one was Hispanic. The majority of patients were FIGO Stage IIIC, and three patients were Stage IV. Tumor histology was serous in 7 cases (70%), papillary serous in 2 cases (20.0%), and mixed histology in 1 case (10%).

OvCa primary cells were harvested by centrifugation. CD11b^+^ cells (i.e., MDSCs) were obtained after centrifugation of OvCa ascites, followed by red blood cell lysis and positive magnetic selection of CD11b^+^ cells (CD11b EasySep Isolation kit; STEMCELL Technologies). The isolated cells were \>95% CD11b^+^ and uniformly expressed the CD11b^+^CD33^+^CD34^+^ MDSC phenotype ([@bib69]). CD4^+^ T cells (TILs) were obtained after positive magnetic selection of CD11b^+^ cells followed by negative selection using the CD4^+^ T cell enrichment cocktail (STEMCELL Technologies). Control CD11b^+^ cells were isolated from healthy donor buffy coats, using the same method.

### Th17 cell generation.

T cells were stimulated with anti-CD3/CD28 Dynabeads (2.0 µl/ml; Invitrogen) in the presence or absence of allogeneic OvCa-isolated MDSCs or control CD11b^+^ cells, pretreated or not with inhibitors, and/or in the presence of the Th17-inducing cytokine cocktail: 20 ng/ml IL-1β, 10 ng/ml IL-23, 50 ng/ml IL-6, and/or 10 ng/ml TGF-β~1~. All experiments used 10^5^ T cells per well at a concentration of 5 × 10^5^ cells/ml. All experiments in this study used the 1:4 ratio of MDSC (or control CD11b^+^ cells) to T cells determined to be optimal based on our preliminary experiments (which tested the MDSC:T cell ratios of 1:1, 1:2, 1:4, and 1:8). As an alternative to stimulation with anti-CD3/CD28 beads, T cells were stimulated with mature DCs (mDCs; monocytes were isolated by positive magnetic selection using the EasySep CD14^+^ isolation kit \[STEMCELL Technologies\] and cultured for 6 d in 24-well plates \[BD\] in the presence of rhuGM-CSF and IL-4 \[both 1,000 U/ml; gifts from Schering Plough\] and afterward matured for 48 h with TNF), with a DC/T cell ratio of 1:10. On days 4--6, expanded T cells were analyzed for the expression of Th17-associated factors (mRNA expression) and cytokine secretion (ELISA). On day 7--8, expanded T cells were assayed for intracellular NOS2 and NO, and were further restimulated for intracellular cytokine staining. The purity of anti-CD3/CD28--activated T cell cultures increased from an initial \>95% to \>99% by the time of analysis, as determined by flow cytometry. Note that, consistent with the key role of IL-1β and IL-6, and the negative role of TGF-β~1~, in the induction of human Th17 cells ([@bib1]; [@bib83]), and a similar recently reported synergy between IL-1β and other Stat3 activators ([@bib34]), the combination of IL-1β with IL-6 and/or IL-23 was sufficient for the optimal induction of IL-17A production, with TGF-β~1~ having a negative effect ([Fig. 3 G](#fig3){ref-type="fig"}).

### ELISA.

ELISA analysis was performed for IL-17A (R&D) and IFN-γ secretion by day 5 expanded T cells in culture \[or by day 7--8 expanded T cells washed and replated at 10^6^ cells/ml and restimulated with anti-CD3/CD28 beads for 24--48 h\]. ELISA analysis of IL-23 production by OvCa ascites-isolated MDSCs or control blood-isolated CD11b^+^ cells was performed after 24 h stimulation with CD40L-expressing J558 cells \[or sCD40L (Enzo Life Sciences)\] or CD4^+^ T cells. 24 h-conditioned medium from OvCa ascites-isolated MDSCs or control blood-isolated CD11b^+^ cells were analyzed for IL-6, IL-10, IL-23, IL-1β, and TGF-β~1~ by sandwich ELISA (R&D).

### Flow cytometry.

Two- and three-color cell surface and intracellular immunostaining analyses were performed using an Accuri C6 flow cytometer. OvCa ascites-isolated cells were stained with the antibodies CD11b-FITC, CD33-APC, CD34-PE/Cy7, HLA-DR-FITC, CD14-PE, CD80-FITC, CD83-PE, CD15-PE, and CD8-FITC (BD and eBioscience; [@bib69]). IL-23R was detected with IL-23R-FITC mAb (R&D Systems). Rat IgG~2α~-PE, IgG~1~-FITC, IgG~1~-APC, and IgG~1~-PE/Cy7 isotype controls, and the rat IgG~2α~-FITC isotype control, were from BD.

### Intracellular staining.

Cells were harvested, fixed, and permeabilized using the Foxp3 Fix/Perm Buffer Set solution (eBioscience). For intracellular cytokine production only, T cells were stimulated with PMA (50 ng/ml; Sigma-Aldrich) and ionomycin (1 µg/ml; Sigma-Aldrich), and after 4 h, brefeldin A (10 µg/ml) was added for an additional 4--10 h before staining. The following antibodies were used: IFN-γ-FITC and IL-17A-PE (eBio64DEC17; eBioscience), Foxp3-Alexa Fluor 488 (BioLegend), CD3 (unlabeled monoclonal mouse anti--human CD3 \[eBioscience\] followed by secondary goat anti--mouse IgG F\[ab′\]~2~-Alexa Fluor 647 \[Cell Signaling Technology\]), and NOS2 (unlabeled polyclonal rabbit anti--human NOS2 \[Millipore\] followed by secondary goat anti--rabbit IgG F\[ab′\]~2~-Alexa Fluor 488 \[Cell Signaling Technology\]). Stainings (including for both primary and secondary antibodies, where appropriate) were performed at room temperature for 30 min, and then washed and resuspended in FACS buffer before analysis. For intracellular NO detection, DAF-FM diacetate (Molecular Probes) was used, which passively diffuses across cell membranes and is deacetylated by intracellular esterases to membrane-impermeant DAF-FM, which then reacts with NO to form a fluorescent benzotriazole with excitation/emission maxima of 495/515 nm ([@bib65]). DAF-FM diacetate was loaded at 10 µM for 2 h at 37°C.

### Confocal microscopy.

T cells were harvested and directly centrifuged onto 12-mm-diam circular glass coverslips (Propper) coated for 1 h at 37°C with 0.005% human fibronectin (Sigma-Aldrich) in PBS in 24-well plates. The coverslips were then incubated in 4% paraformaldehyde for 15 min, washed with PBS, and incubated for 1 h at room temperature in staining buffer containing 0.3% Triton X-100 (Sigma-Aldrich), 5% goat serum (Life Technologies), and 1% BSA (Thermo Fisher Scientific) in PBS. The slides were then incubated for 3 h at room temperature with staining buffer containing unlabeled primary antibodies for NOS2 (Millipore) and CD3 (eBioscience), washed with PBS, and incubated for 30 min at room temperature with staining buffer containing the secondary antibodies anti--rabbit Alexa Fluor 488 and anti--mouse Alexa Fluor 647 (Cell Signaling Technology). Coverslips were washed with PBS and mounted on SuperFrost Plus Slides (Thermo Fisher Scientific) using ProLong Gold antifade reagent (Invitrogen). Confocal analyses were conducted using a Leica TCS SL DMRE Microsystem.

### TaqMan analysis of mRNA expression.

mRNA expression was analyzed in day 7--8 anti-CD3/CD28--expanded OvCa primary cell cultures, and in day 4--6--expanded CD4^+^ TILs and naive and memory CD4^+^ T cells. TaqMan analysis was performed on the StepOne Plus System (Applied Biosystems) using TaqMan-recommended inventoried or made-to-order assays (Gene IDs: il17a:Hs00174383, il17f:Hs01028648, il2rα:Hs00907779, il23r:Hs00332759, nos2:Hs01075527, rorc:Hs01076112, tbet:Hs00203436, gata3:NM_002051, and foxp3:Hs00203958). The expression of each gene was normalized to HPRT1 and expressed as relative expression, i.e., fold increase (2^−ΔCT^), where ΔCT = CT~(target\ gene)~ − CT~(HPRT1)~.

### Statistical analysis.

The figures demonstrating key phenomena and critical mechanisms involve aggregate data from multiple patients and healthy donors (expressed as means ± SD; the donor numbers are provided in the individual figure panels and the corresponding legends). Data from representative experiments (typically used in the studies comparing different reagents or different concentrations) were obtained from replicate cultures (means ± SD; numbers of replicates provided in figure legends) with each experiment confirmed in additional independent experiments with cells from different donors, as indicated in the figure legends. All data were evaluated using GraphPad Prism Version 5 software and analyzed using Student's *t* test (two-tailed) and 1-way and 2-way analysis of variance, where appropriate, with P \< 0.05 considered as significant (\*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001). A linear correlation between two continuous variables was tested with the r^2^ coefficient of determination.
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